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ABSTRACT 
Sugi (Cryptomeria japonica) is thedominant tree species in the forestedareaof Japan.The forestedarea is
approximately250000km2andcoversalmost70%oftotalareaofJapan.However,there is little information
availableonbiogenicvolatileorganiccompounds(BVOCs)emissionsfromSugitrees.BVOCsareknowntohave
an important role in atmospheric chemistry due to their high reactivity and aerosol formation potential.
Emissionsofmonoterpenesandsesquiterpenes,whicharegroupsofBVOCs,weremeasuredfromSugiusinga
bag enclosure systemover four seasons at the Tanashi Experimental Station, located in a suburban areaof
Tokyo,Japan.Sixmonoterpenesaccountedforthemajoremissions,andtotalmonoterpeneemissionrangedup
to0.4μgg–1(dw)h–1.Theemission ratesofbothȕ–farnesene;which isa sesquiterpene,andmonoterpenes
clearly showed temperaturedependence.Onlyȕ–farnesenewasdetected in the sesquiterpene fraction and
determinedtohavealargeremissionratecomparedtothatoftotalmonoterpenes.Thecoefficientȕfortotal
monoterpene and ȕ–farnesene calculated by G93 algorithmwere 0.10 and 0.22, respectively. However, ȕ
showed largelydifferentvaluesonAugust (monoterpenes)andApril (ȕ–farnesene).Theemission ratesofȕ–
farnesene show almost the same values in measured individuals and ranged from the detection limit
(approximately0.1ngg–1(dw)h–1)to1.5μgg–1(dw)h–1.Thebasalemissionfactorofmonoterpenesinsummer
andsesquiterpenes inspringweregenerally lowercomparedtootherseasons.Thisstudy indicatedthatSugi
treesinsuburbanareasemitsesquiterpeneatahigherratethantotalmonoterpenes.
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1.Introduction

Biogenic volatile organic compounds (BVOCs) are known to
havean importantrole inatmosphericchemistry, includingozone
production (Chameides et al., 1988) and aerosol formation
(Kavourasetal.,1998),duetotheirhighreactivityandlessvolatile
oxidationproducts.Therefore,detailedandaccurateestimatesof
BVOC emissions on a local and/or regional scale are required to
improve our understanding of their impact on the air quality. In
addition,becausetheBVOCemissionshighlydependonvegetation
species, BVOC emissions are needed to be investigated for each
species.Sugi[Cryptomeriajaponica(L.f.)D.Don]isaconiferthatis
endemic to Japan and the most dominant tree species in its
forested area (based on a database of Japan Integrated
Biodiversity Information System, prepared by Biodiversity Center
of Japan,operatedbyMinistryofEnvironment).Somevegetation
species emit sesquiterpenes (C15H24) and their emission into the
atmospherehasbeenstudiedforthelasttwodecades(Duhletal.,
2008). Some vegetation in Japan has also been found to emit
sesquiterpenes (Matsunagaetal.,2009).Because sesquiterpenes
are more reactive than isoprene and monoterpenes and have
larger molecular weights, sesquiterpenes can more efficiently
contribute toaerosol formation compared tootherBVOCs.Thus,
estimating emissions of sesquiterpenesmighthave an important
roleinimprovingourunderstandingonairqualityandatmospheric
chemistry(ShuandAtkinson,1995).
Yatagai et al. (1995) reported that monoterpene emission
from Sugi trees, known as an oleoresin producing conifer, has a
seasonalvariationassociatedwiththechanges in leafoilamount.
The leaf oil, also called essential oil, has been analyzed, which
revealed that the oil collected from Sugi trees contains not only
monoterpenes and sesquiterpenes but also diterpenes (C20H32)
(Nakatsukaetal.,1957;Appletonetal.,1970).BecauseSugitrees
havebeenartificiallyplantedforseveralthousandyearsforlumber
andbillets,thereareahugenumberofsub–specieswidelyspread
inJapan.Therefore,thegeographicaldistributionofthesubspecies
of Sugi trees was investigated using chemical distribution of
diterpenes (Yasueetal.,1987). Inaddition,essentialoilextracted
from Sugi leaves was found to have an anti–ulcer activity
(Matsunagaetal.,2000),anti–microbialactivity (Leeetal.,2009)
andmosquitorepellency(Guetal.,2009).

Only Terauchi et al. (1993) and Narita and Yatagai (2006)
reported that Sugi leaves or the essential oil contain
sesquiterpenes. However, there are no reports on volatile
emissions of sesquiterpenes from Sugi trees. In general, volatile
sesquiterpene emissions from vegetation have been overlooked
due to the difficulties in the analysis (e.g. collection without
degradation or contamination, sensitivity to detect ppb level
concentrations (Duhl et al., 2008). In some cases, the emission
ratesofsesquiterpeneshavebeen indicated tobecomparable to
that of monoterpenes, and therefore sesquiterpenes are
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recognizedtobeoneofthemostimportantBVOCsthroughrecent
studies (Duhl et al., 2008). In thispaper,we report emissionsof
monoterpenesandȕ–farnesenefromSugitree.

2.MaterialandMethod

2.1. Site description and general information on the field
campaign

BVOCsampleswerecollectedataforestedsiteofSugiclones
intheTanashiExperimentalStationoftheTokyoUniversityForest
(35ȗ44މ21ފN,139ȗ32މ18ފE)locatedatapproximately20kmwestof
the central Tokyo. Five field campaigns were conducted at the
station over four seasons (winter: 27–29 January, spring: 20–24
April,summer:3–7August,autumn:9–13Novemberof2009and
spring:19–24April2010).Tanashicanbeclassifiedasasuburban
area, however, surrounded by several main roads with heavy
traffic. Thus, the Sugi trees at Tanashi are exposed to a highly
polluted atmosphere (i.e. dailymaximum concentrations of NOX
andozonearegenerallyaround60ppbv).Toreachthebranchat
thecanopytop,thesamplingwasconductedonthetopfloorofa
towerbuiltintheforest.Thetowerisarectangular(approximately
5x5x15m)madewithsteelpipesandhasatopflooratapproxiͲ
mately 15m above the ground level. Therewere five Sugi trees
thatreachedthetopofthetower.Theywerenumberedclockwise
from north as Sugi #1 through #5. Four of the Sugi treeswere
sampledduringthefieldcampaigns(Sugi#1,#2,#4and#5).Ages
oftheSugitreesatthesitewere50years.

Theleavessampledwereattheendofbranchlocatedafter5–
15 nodes from the trunk approximately 10m above the ground
level. The branches were enclosed with a transparent 15 liter
Teflonbag; transparentmore than95%ofPARand the insideair
wasventilatedwithacleanairata flow rateof4–5litermin–1 to
avoidwater condensationandexcessivehigh temperature in the
bag.Thebagswereinstalledontothebranchesonthefirstdayof
thecampaignperiodandkeptonto thebranchesuntil theperiod
ended. The airwas supplied from a commercial compressed air
cylinderandpurifiedbyanactivatedcharcoal trap.The flow rate
was controlled by a mass flow controller. The air is supplied
through a Teflon tube ringwith approximately 20holes (approx.
1.5mm of diameter, see Figure 1 for information on thebranch
enclosure system) so that the inside air can be circulated and
homogenized.Thecompressedairwastakenfromtheatmosphere
and, thus, theCO2concentrations remainedat theambient level.
Airtemperatureinsideofthebagwasrecordedevery2minutesby
adataloggerequippedwithaTefloncoatedthermosensor(RS–12,
Especmic,Ohguchi,Niwa,Aichi, Japan).Brancheswereharvested
afterthecompletionofeachfieldcampaign,anddriedat60ȗCfor
48hourstodeterminedryweightoftheleaves.Therefore,samples
werecollectedfromdifferentbranchesineveryseason.

Figure 1. Teflon bag enclosure and sampling system used in the field
campaignatTanashi.
2.2.Samplecollectionandanalyticalmethodformonoterpenes

Monoterpeneswerecollectedfromtheenclosurebag(Figure
1) intoa6.35mmo.d.stainlesstube filledwith200mgTenaxTA
(GLScience,Shinjuku–Ku,Tokyo,Japan)and100mgofCarbotrap
(Supelco). The sample flow rate and sampling time were 200
mLmin–1and10minutes, respectively.Thesample flow ratewas
controlledbya flowcontrollerequippedwith thesamplingpump
(GSP–300FT–2, Gastec, Ayase, Kanagawa, Japan). The adsorbent
tubeswerestoredinacoolerboxorarefrigeratorkeptatapproxiͲ
mately 5ȗC until analysis. Themonoterpeneswere desorbed by
heatandinjectedintoaGC–MS(QP5050A,Shimadzu,Chukyo–Ku,
Kyoto, Japan) using an automated thermo–desorption sampler
with a cryo–focusing trap (Turbo Matrix ATD; Perkin Elmer
Instruments, Waltham, MA 02451, U.S.A.). The monoterpenes
wereseparatedwithafusedsilicacapillarycolumn(SPB–5,50mx
0.25mm i.d.,filmthicknessof1μm;Sigma–Aldrich).Qualification
and quantification of the monoterpenes were carried out
comparingtheGCretentiontimesandresponse intensitiesofthe
MS to those of authentic standards injected onto the blank
adsorbent tube. The amount of monoterpene was determined
usingagravimetricstandard.Onesample foreachcampaignwas
collectedandanalyzedwiththeMStoconfirmretentiontimeand
mass spectra. Detailed information on the thermo–desorption
systemandGCanalysis isalsodescribed inpreviousreports (Tani
et al., 2002; Tani and Kawawata, 2008). Performance of the
analytical procedures (precision, blank and accuracy based on
standard analysis) had been already confirmed prior to the field
campaign. One hundred and nine monoterpene samples were
collected from 2 individuals at the Tanashi Experimental Station
andanalyzedforfourseasons.

2.3.Samplecollectionandanalyticalmethodforsesquiterpene

Sesquiterpene samples were collected from the same
enclosure bag as that used for monoterpenes. Sixty seven
sesquiterpene sampleswere collected fromSugi treesduring the
fieldcampaigns.Sesquiterpenesampleswerecollectedintoa6.35
mm(1/4inches)o.d.glasstubefilledwithapproximately60mgof
HayeSepQ(HayesSeparations,Inc.,Bandera,TX78003,U.S.A.)at
aflowrateof200mLmin–1.Sampleflowratewascontrolledbya
mass flow controller connected to an electronic pump. Total
collection time of sesquiterpenes from four individuals ranged
from0.5to4hours.

Sesquiterpenes collected on the adsorbent were extracted
withapproximately2mLofhexane (HPLCgrade,Wakochemical,
Chuo–Ku,Osaka,Japan)atthesite.Theextractsweretransferred
intoa2mLglassvials(Supelco,Bellefonte,PA16823–0048,U.S.A.)
andstored ina freezer,whichwaskeptatapproximately–15 ȗC.
Thesamplesweretransportedtothelaboratoryusingacoolerbox
kept at approximately 5ȗC with coolants or by a commercial
transport service (at –18ȗC, “Cool Takkyubin”, Yamato Transport
Co.,Ltd.,Chuo–Ku,Tokyo,Japan),beforefurtherprocedureswere
performed. Performance of the analytical procedures (precision,
blankandaccuracybasedonstandardanalysis)hasbeenreported
previously(Matsunagaetal.,2008;Matsunagaetal.,2009).

Aonemicroliterofinternalstandardsolution(20–100ngμL–1
of cyclopentadecane inhexane)wasadded into theextractsand
theextractswerereducedtoapproximately10μlbyagentleargon
flow. The internal standard solutionwas prepared for each field
campaign.A1μLof theconcentratedextractwas injected intoa
split–splitless injectorequippedon a gas chromatograph (Agilent
7890A GC, Agilent Technologies Inc., Santa Clara, CA , U.S.A.)
connected to a mass spectrometer (Agilent 5975C MSD).
Sesquiterpenes were separated using a fused silica capillary
column (HP–5ms, 30mx0.25mm i.d., film thicknessof 0.25μm;
AgilentTechnologiesInc.)andheliumcarriergas.Theinjectorwas
equippedwithadeactivatedquartzinserttubeandoperatedinthe
pulsedsplitlessmode,and itstemperaturewaskeptat300ȗC.GC
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oven temperature was programmed to be started at 60ȗC and
raisedto150ȗCat2.5ȗCmin–1,thenraisedto300ȗCat30ȗCmin–1
andkeptfor10minutes.Sesquiterpeneswerequantifiedusingthe
MS in the selected ion monitoring mode. The amount of the
sesquiterpenesweredeterminedbycomparingresponse intensity
of theMS between the internal standard and the target comͲ
pounds,whichwas adjusted based on the ratio of the response
between thestandardand the targetcompound.The ratioswere
determinedbyanalyzingauthenticstandards fortheentiretarget
compounds and an internal standard (cyclopentadecane) purͲ
chased fromWakoandSigma–Aldrich (St.Louis,MO,U.S.A.).The
amount of the standard compound was gravimetrically deterͲ
mined.Samplehandlingprocedureused in theanalyticalmethod
was similar to thatused inearlier fieldcampaigns (Matsunagaet
al.,2008;Matsunagaetal.,2009).

Sesquiterpene samples were collected during the four field
campaigns (January, August, November 2009 and April 2010).
Sesquiterpenes were not detected (below the detection limit;
approximately0.1ngg–1 (dw)h–1) fromall7 samples collected in
January2009.Systemblanksampleswerealsocollected foreach
field campaign, and all of the sesquiterpenes were below the
detectionlimit.

2.4. Temperature dependence on monoterpene and sesquiͲ
terpeneemissions

Monoterpene emissions from coniferous trees are generally
known to be temperature dependent (Geron et al., 2000). The
relationship between temperature and the monoterpene
emissions from Sugi could be expressed according to G93
algorithm(Guentheretal.,1993):

 ^ `exps sE E T TE   (1)

where,EandEs represent themeasuredemission rateandbasal
emissionrateat thestandard temperature (30ȗC),respectively.T
and Ts represent themeasured and the standard temperatures,
respectively.Coefficientȕisanempiricalcoefficient,whichcanbe
determined by themeasurements and it depends on species of
vegetationandcompoundsemitted(Table1).TheEquation(1)can
bemodifiedasshownbelow:

 ln lns sE T T EE    (2)

3.ResultsandDiscussion

3.1.Monoterpenes

Theemissionrateoftotalmonoterpenesrangedfrom0.01to
0.41μgg–1(dw)h–1[average,0.08μgg–1(dw)h–1].DominantcomͲ
ponentsof themonoterpenes fromSugi treeswere sabinene, ɲ–
terpineneandɲ–pinene (seedetails forFigure2).Compositionof
the monoterpenes did not show significant differences for
individuals(Sugi#2and#4,Figure2).Thecompositionforthethree
most abundant monoterpenes (sabinene, ɲ–terpinene and ɲ–
pinene)wasalmostsameover theseasons.However, therewere
differences in composition of themonoterpenes which are less
abundantthanthe3majormonoterpenes.Thismayberelatedto
protection activity and/or phenology of Sugi tree. Although the
emissionratesdifferedbyapproximatelyafactorof2betweenthe
individuals in each season, seasonal variation patterns of the
emissionrateswereverysimilartoeachother.

Figure 3 shows linear scatter plots for total monoterpene
emissions in terms relationshipbetween T–Ts and lnEsbasedon
theEquation(2).Thevaluesofȕand lnEscanbeobtainedasthe
slope and intercept at y–axisof the regression line, respectively.
The basal emission rate Es for monoterpenes is also calculated
based on the G93 temperature dependent algorithm. Table 2
summarizes the values of basal emission Es and coefficient ȕ
obtained fromthe fourfieldcampaignsthroughayear.Asshown
inTable2,although the regression coefficientare close to1.0 in
most cases, ȕ are sometimes remarkably larger than the typical
value (0.09) for themonoterpenes (Guentheretal.,1993).TheEs
valuescanoftenbelargewhencalculationsaremadebasedonthe
largevaluesofȕwhichwereobserved ineveryseason.The large
valuesofȕmaybecausedbythesmalltemperaturerangesduring
the campaign period, however, it is not ideal to estimate the Es
valuesonly in the limited temperature range far from30ȗC (e.g.
dataobtained inJanuary,Table2).Toanalyzethedata inawider
temperature range,Figure3 shows the relationshipbetween the
temperatureandtotalmonoterpeneemissionsobtainedfromfour
field campaigns to deduce the annual pattern. Emission rates of
totalmonoterpenes in January, April and November (except for
August)showafairlylinearrelationshipwiththetemperatureson
a common regression line (Figure 3). Slopes (ȕ) of the common
regressionlinesforSugi#2and#4are0.11and0.09,respectively,
whichareclosetothetypicalstandardȕvalueof0.09.Thisfinding
showsthattotalmonoterpeneemissionsfromSugitreesinwinter,
springandautumn canbeestimatedusinga singleequationand
coefficient. Considering that the monoterpene emissions from
conifershighlydependonevaporationfromreservoirintheleaves,
itcanbeassumedthattheemissionratecanbebasicallydescribed
bytemperature(Guentheretal.,1993).Thesignificantlowerdata
pointsfromtheregressionline(incaseofAugust)mayindicatethe
consumptionofmonoterpeneinthereservoir.

TheEsvalues for the threeseasonsarecalculatedusingȕof
0.10 (Es_ȕ0.10, average of observed values of ȕ). Because the
Equation(1)canbemodifiedasshownbelow,Es_ȕ0.10valuescanbe
calculated for each sample. The averaged values of Es_ȕ0.10
(aveEs_ȕ0.10)foreachseasonarelistedinTable2.

 ^ `_ 0.10 exp 0.10s s
E
E
T T
E    (3)

As shown in Table 2, the aveEs_ȕ0.10 values seemmuchmore
steady compared to the Es values calculated only using the
Equation (2),overtheseasons.Therefore, itcanbeassumedthat
emission rateof totalmonoterpenes fromSugi trees in the three
seasonscanbeestimatedusingtheEquation (1)withtheȕvalue
of 0.10 and aveEs_ȕ0.10 value for each season. The total
monoterpene emissions are also estimated with the ȕ value of
0.17 and aveEs_ȕ0.17 value for August (0.03μgg–1h–1 in average,
Table2).

Very low emissions observed in the August field campaign
mightbeexplainedbyexhaustionofmonoterpenes in thestored
pool due to high temperatures. The temperature dependent
emissionsofmonoterpenesare, inmostcases,drivennotby the
production,butmainlybyvolatilizationfromthepoolintheleaves.
Themonoterpenes inSugi leavesmightbealreadyexhausteddue
to active volatilization at high temperatures in the summer.
Average,minimum and standard deviations of the temperatures
during the period are 26.4ȗC, 22.8ȗC and 2.1ȗC, respectively.
Monoterpene pools may be consumed at high temperatures
throughout the day by volatilizationwith a higher rate than the
production. Yatagai et al., (1995) reported that the amount of
essential oil contained in Sugi leaves was most abundant in
summer.However,whenSugitreeswereexposedtoheatstressed
condition such as summer in Tanashi, differences in balance
between consumptionandproductionofplantvolatiles including
theessentialoilandmonoterpenesmaybeassumedcomparedto
those of potted Sugi trees planted and grown under similar
controlledconditions.However,furtherinvestigationisrequiredto
identify suchunexpected seasonalvariations in theemission rate
ofmonoterpenes.

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Table1.SummaryforemissionratesoftotalmonoterpeneandȕͲfarneseneinmggͲ1(dw)hͲ1andtemperaturemeasuredatTanashi

Totalmonoterpene  ɴͲfarnesene(sesquiterpene)
January2009
  Max. Min. Avg. Med. SD        
Sugi#2 Temp. 14.0 4.6 7.9 7.8 2.6 Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
n=12 MTEa 0.11 0.02 0.05 0.05 0.03 Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
Sugi#4 Temp. 10.6 4.1 7.2 7.3 1.9 Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
n=14 MTEa 0.04 0.01 0.03 0.03 0.01 Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
April2009
  Max. Min. Avg. Med. SD        
Sugi#2 Temp. 28.5 14.5 21.0 20.4 4.1 Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
n=22 MTEa 0.41 0.06 0.19 0.16 0.10 Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
Sugi#4 Temp. 30.1 15.2 22.5 21.3 5.3 Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
n=20 MTEa 0.21 0.02 0.10 0.11 0.06 Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
August2009 August2009
  Max. Min. Avg. Med. SD    Max. Min. Avg. Med. SD
Sugi#2 Temp. 32.3 24.2 27.6 27.7 2.8 Sugi#1 Temp. 29.4 26.8 28.1 28.1 1.8
n=11 MTEa 0.05 0.01 0.03 0.03 0.01 n=2 FEb 1.19 0.91 1.05 1.05 0.19
Sugi#4 Temp. 31.0 24.5 27.6 27.0 2.2 Sugi#5 Temp. 29.9 25.8 27.7 27.5 2.1
n=11 MTEa 0.02 0.01 0.02 0.02 0.01 n=3 FEb 1.21 0.28 0.72 0.66 0.47
November2009 November2009
  Max. Min. Avg. Med. SD    Max. Min. Avg. Med. SD
Sugi#1 Temp. 24.1 10.4 15.7 14.8 4.7
n=11 FEb 1.48 0.03 0.38 0.12 0.45
Sugi#2 Temp. 22.6 18.4 19.9 19.5 1.3 Sugi#2 Temp. 17.9 11.0 14.3 14.1 3.5
n=10 MTEa 0.36 0.06 0.15 0.11 0.10 n=3 FEb 0.72 0.17 0.36 0.19 0.31
Sugi#4 Temp. 20.1 17.9 19.0 19.0 0.7 Sugi#4 Temp. 19.0 14.3 16.6 16.6 2.4
n=9 MTEa 0.10 0.03 0.05 0.05 0.02 n=3 FEb 0.19 0.07 0.12 0.11 0.06
April2010
          Max. Min. Avg. Med. SD
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Sugi#1 Temp. 19.8 14.6 17.6 18.0 1.62
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ n=9 FEb 0.05 0.00 0.02 0.02 0.02
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Sugi#1
lower
Temp. 23.4 6.8 16.9 19.3 6.77
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ n=11 FEb 0.11 0.00 0.03 0.02 0.03
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Sugi#2 Temp. 19.2 15.5 17.8 17.9 1.13
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ n=8 FEb 0.07 0.01 0.04 0.03 0.03
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Sugi#4 Temp. 25.6 6.7 20.5 22.2 5.96
Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ Ͳ  n=17 FEb 0.34 0.00 0.13 0.15 0.11
SesquiterpenescollectedonJanuarywerebelowthedetectionlimitfortheentiresamples.
aEmissionrateoftotalmonoterpenes,bEmissionrateoffarnesene.


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Figure2.CompositionofmonoterpenesmeasuredinthefieldcampaignsatTanashiforfourseasons.


 
 
 
Figure3.LinearregressionsfortotalmonoterpenesbetweenlnE(E:measuredemissionrate)andTͲTs(T:measuredtemperature,Ts:standardtemperature,
30ȗC).TheempiricalcoefficientȕandbasalemissionrateEscanbeobtainedasslopeandyͲinterceptionoftheplot,respectively.
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Table 2. Basal emission Es, coefficient ȕ, correlation coefficient and
averagedEsvaluesobtainedbasedontheȕof0.10(aveEs_ȕ0.10)forthetotal
monoterpeneemissionfromSugiatTanashi
  ȕ r
2 Es aveEs_ȕ0.10
January
Sugi#2 0.19 0.52 2.73 0.43
Sugi#4 0.24 0.86 5.71 0.24
April
Sugi#2 0.12 0.86 0.49 0.42
Sugi#4 0.12 0.71 0.20 0.19
August
Sugi#2 0.17 0.71 0.04 0.04b
Sugi#4 0.17 0.71 0.02 0.02b
November
Sugi#2 0.45 0.91 11.72 0.38
Sugi#4 0.45 0.81 7.04 0.16
C.V.%a
Sugi#2 119.4 7.4
Sugi#4 83.9 22.2
aCoefficientofvarietyinpercentageexceptforAugust.
bCalculatedatbof0.17

3.2.Sesquiterpene

Emission rate of ȕ–farnesene ranged from below the
detectionlimitto1.2μgg–1(dw)h–1[average:0.40μgg–1(dw)h–1].
ȕ–farnesene, a sesquiterpene, was detected in the samples
collected in August, November of 2009 and April 2010. The
emission ratesof sesquiterpene (farnesene) from four individuals
were almost the same and ranged from the detection limit
(approximately0.1ngg–1(dw)h–1) to1.5μgg–1 (dw)h–1.Samples
collected on the day when the bag was set on the branches
sometimestendtogivemuchhighervaluesbecausesomedamage
could occur to the branches, so that some datawere excluded
fromthecalculationsofthebasalemissionfactor.Sesquiterpenes
other than ȕ–farnesene were not detected over the seasons.
Structure of ȕ–farnesene is shown in Figure 4. Measured
sesquiterpeneemissionratesaresummarizedinTable1.

Figure4.StructureofɲͲandȕͲFarnesene.

AsshowninFigure5,emissionsofȕ–farneseneclearlyshowa
temperaturedependent trend. In the contrast tomonoterpenes,
theemissionrateofȕ–farneseneintheAugustfieldcampaignhas
thesame intensityasthatoftheNovemberfieldcampaign,while
theemissionrate intheAprilfieldcampaign ismuchsmallerthan
other seasons. Table 3 lists theȕ values and basal emission (Es)
calculatedusingtheG93algorithm.Theaveragedcoefficientȕfor
thesesquiterpeneemissions fromall individualsmeasuredduring
the campaign periods except for the April field campaign was
around0.22.Thisvalue is largerthantypicalstandardȕvalue for
monoterpenes(0.09)(Guentheretal.,1993).However,theȕvalue
determined in thisstudy (0.22) isapproximately thatof theȕ for
sesquiterpenes (0.17) reported inapreviousstudy (Helmigetal.,
2006).Considering thatphysiological featuresofplants thatemit
BVOCs affect theȕ value, theȕ value of 0.22 for sesquiterpene
emissionsfromSugitreesisconsideredtobeappropriate.Itcanbe
assumedthat0.22canbeanappropriateȕvaluebecause itgives
highertemperaturesensitivitythanmonoterpeneanditiscloseto
0.17which is known as the beta value as sesquiterpene. BVOC
emissionswithlargerȕvaluesaresensitivetotemperature,which
may explain why sesquiterpenes were not detected from the
samples collected in the January field campaign when the
temperatureswerearound5ȗC.A temperaturedependentemisͲ
sion rateat5ȗCwith theȕvalueof0.22canbecalculated tobe
only 0.41% (11% with the ȕ value of 0.09) of the rate at the
standard temperature (30ȗC); therefore, theemissionsof sesquiͲ
terpenes in the January field campaign might be below the
detection limit. Supporting this assumption, no emissions of
sesquiterpenesweredetectedintheJanuaryfieldcampaign.

ThevaluesofbasalemissionrateEsshowseasonalvariations
(Table3).Althoughonlylimitednumberofdataareplottedforthe
August field campaign results (Table 1, Figure 5), the basal
emissions in August are reliable because they include emission
dataobtainedattemperaturesclosetothestandardtemperature
of30ȗC(29.4ȗCand29.9ȗC).UsingtheEquation(3)attheȕvalue
of0.22, thenormalizedbasalemissions aveEs_ȕ0.22 forȕ–farnesene
are most likely to show seasonal variations (Table 3), and the
seasonal variations may affect the annual emissions of ȕ–
farnesene from Sugi trees. In addition, the emission rate of ȕ–
farneseneissignificantlylargecomparedtomonoterpenesemitted
fromthesameindividuals.Alargeemissionofȕ–farneseneisalso
reported in themeasurement formountainbirch in thenorthern
Europe (Haapanala et al., 2009), although this study is for an
isomer of ȕ–farnesene. Considering high reactivity and large
emissionrateofȕ–farnesene, itsemissionsandemissionpatterns
should be taken into account in theBVOC emission inventory in
Japan.

On theotherhand,ȕ–farnesene isknown tobeemitteddue
to stresses generated in plants (Hakola et al., 2006). Numerous
factors such as heat, herbivory,water shortage and othersmay
generatesomestress.Therewasnovisibledamageonthe leaves
causedby insects,althoughherbivory is themost likely factor to
inducetheemission. Inaddition,sincetheemissionshowedclear
temperature dependence, this supports that the emission is not
caused by a physical damage such as herbivory. However,
possibilities for generating heat and water stresses are smaller
than other factors. As shown in Table 3, ȕ–farnesene emissions
measuredatabranchapproximately5mlowerthanthetopofthe
tree (Sugi#1 lower)arealmost thesameas thoseatabranchat
the top (Sugi#1; seeTable3),althoughwater stress levelat the
lowerposition ismuchsmaller than thatof the top.For theheat
stress, it is less likely to induce in this case. Although the
temperatures in the November field campaign are much lower
(average±SD: 14.0±3.6ȗC; minimum: 8.3ȗC), than those in the
August field campaign (average±SD: 26.4±2.1ȗC;minimum: 22.8
ȗC), emission rate of ȕ–farnesene is quite close to that in the
August field campaign. In addition, no visible lesions were
identifiedonthe leaves.Asmentioned inSection2.1,theTanashi
Experimental Station is surrounded by main roads with heavy
traffic, therefore, exposure of Sugi trees to the atmospheric
pollutionand/orexcessnitrogen insoilarepossiblestress factors
thatcauseȕ–farneseneemissions (Omasaetal.,2005).However,
thebasalemission rate inApril is significantly smaller thanother
seasons. Small emission rate of ȕ–farnesene in April may be
explainedbyaconditionoflessstresstoSugitrees,whichmaybe
relatedwithphysiologyofSugitreesand/orlessinsectdamageto
SugitreesinApril.
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Figure5.LinearregressionsfortotalȕͲfarnesenebetweenlnE(E:measuredemissionrate)andTͲTs.



Table3.Calculatedȕ,basalemissionrateEs,theEsforȕͲfarnesenecalculatedatestimatedȕ(Es_ȕ0.22)andcorrelationfactorbasedonG93a
temperaturedependentalgorithm
August2009 November2009 April2010
ȕ Es r2 aveEs_ɴ0.22 ȕ Es r2 aveEs_ɴ0.22 ȕ Es r2 aveEs_ɴ0.22
#1 0.10 1.3 1.00 4.38 0.25 7.3 0.92 4.98 0.54 14.2 0.87 0.33
#1lower 0.24 0.33 0.97 0.38
#5 0.35 1.3 0.96 1.04
#2 0.21 8.1 0.86 9.31 0.71 156.4 0.79 0.50
#4 0.23 2.3 1.00 2.09 0.26 0.7 0.84 0.58
Average 1.3 2.7 5.9 5.5 42.91 0.45
aGuentheretal.(1993)

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3.3.Seasonalvariationsofbasalemissionfactorandcoefficientȕ
formonoterpenesandsesquiterpene

Coefficient ȕ is sometimes calculated to be large value
[considering Equation (1), large ȕ means the emission is very
sensitive to temperatures];which leads tounrealistic largevalues
of Es. However, the regression coefficients for each season are
closeto1.0,evenwhenȕshowsalargevalue(Tables2and3).This
suggests that the estimated BVOC emissions based on the
unrealistic largeȕandEscanbemoreaccurate than thosebased
ontypicalvalueofȕonlyinalimitedtemperaturerange.Thisalso
suggeststhatdifferentcoefficientsshouldbeusedforeachseason
to estimate BVOC emissions. However, having various ȕ and Es
through the year makes the emission model extremely compliͲ
cated. Considering the uncertainty of the emission estimate, a
year–long analysis of BVOC emissions may be inadequate to
estimateBVOCemissions.

4.Conclusion

Five field campaigns were conducted over four seasons to
measure branch level emissions of BVOCs from Sugi trees
(Cryptomeria japonica), the most dominant conifer species in
Japan,usingabagenclosuresamplingsystem.Asesquiterpene(ȕ–
farnesene) and fourteen monoterpenes were detected in the
samples.Thebasalemission rateandanempiricalconstantȕ for
BVOCs vary significantly over the seasons.However, a year–long
analysisontemperaturedependenceofBVOCemissionsshoweda
common relationship except for one season (summer for
monoterpenes,whilespringforsesquiterpene).Theemissionrate
of ȕ–farnesene exceeds that of totalmonoterpenes and shows
seasonalvariations.Consideringtheimportanceofsesquiterpenes
in atmospheric chemistry due to their high reactivity and high
aerosol formationpotential, further investigationwillbe required
on sesquiterpeneemissions fromSugi trees in thenear future to
improvetheunderstandingofbiosphere–atmosphereinteractions.

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